Human cancers are characterized by intrinsic or acquired resistance to apoptosis and evasion of apoptosis has been proposed to contribute to treatment resistance. Bis-benzylidine piperidone compounds, containing α,β-unsaturated carbonyl functionalities, have been extensively documented as being effective in killing apoptosisresistant cells and to display promising antineoplastic activities in a number of tumor models. We here explored the phenotypic response of colon cancer cells to b-AP15, a bis-benzylidine piperidone previously shown to inhibit the proteasome deubiquitinases (DUBs) USP14 and UCHL5. Whereas similar overall mRNA and protein expression profiles were induced by b-AP15 and the clinically available proteasome inhibitor bortezomib, b-AP15 induced stronger increases of chaperone expression. b-AP15 also induced a stronger accumulation of polyubiquitinated proteins in exposed cells. These proteins were found to partially colocalize with organelle structures, including mitochondria. Mitochondrial oxidative phosphorylation decreased in cells exposed to b-AP15, a phenomenon enhanced under conditions of severe proteotoxic stress caused by inhibition of the VCP/ p97 ATPase and inhibition of protein translocation over the ER. We propose that mitochondrial damage caused by the association of misfolded proteins with mitochondrial membranes may contribute to the atypical cell death mode induced by b-AP15 and related compounds. The robust mode of cell death induction by this class of drugs holds promise for treatment of tumor cells characterized by apoptosis resistance.
Introduction
Several groups have described α,β-unsaturated carbonyl-containing bis-benzylidine piperidones as potential anticancer agents [1] [2] [3] [4] [5] . This class of compounds show interesting biological activities, including selectivity towards cancer cells [3, 6] and induction of apoptosis of cells overexpressing anti-apoptotic Bcl-2 proteins or lacking functional TP53 [2, 3, 7] . The bis-benzylidine piperidone G5 has been demonstrated to induce a necrotic response in Bax/Bak defective cells, suggesting a mechanisms of cell death independent of the intrinsic apoptosis pathway [8] (structures of bis-benzylidine piperidone compounds shown in Fig. 1A ). Another bis-benzylidine piperidone compound, b-AP15, induces caspase-independent cell death of melanoma cells [9] . Although different molecular mechanisms of action have been explored, a substantial number appear to converge on the proteasomeubiquitin system as potential deubiquitinase (DUB) inhibitors [2, 3, 7] or targeting the ubiquitin receptor Rpn13 [5] . b-AP15 and RA-9 were described as selective inhibitors of the proteasome associated cysteine DUBs USP14 and UCHL5, based on in vitro assessment of DUB enzyme activities [3, 7, 10] . In the case of b-AP15 this would appear to be at least partially dependent on USP14 since overexpression of USP14 decreases the apoptotic response [9] . The selectivity of these compounds is, however, controversial. The bis-benzylidine piperidones G5, F6 and 2c have been described as partially-selective DUB inhibitors [2] . A recent report using mass spectrometry showed that several DUBs, as well as other cellular components are targeted by 2c [11] .
Several bis-benzylidine piperidones have been shown to display promising therapeutic activities. b-AP15 has shown activity in a number of tumor models, including multiple myeloma [12, 13] , Ewing's carcinoma [14] , Waldenströms macroglobulinaemia [15] , mantle cell lymphoma [16] , hepatocellular carcinoma [17, 18] , prostate cancer [19] , breast cancer [20] , melanoma [9] and colon cancer [3] . VLX1570
https://doi.org/10.1016/j.bcp.2018.08.039 Received 14 July 2018; Accepted 22 August 2018 (a bis-benzylidine azepane compound, Fig. 1A ) has been shown to be effective for multiple myeloma and Waldenströms macroglobulinaemia [7, 21] . RA-9 was found to show in vivo activity in a model of ovarian carcinoma [10] , 2c in a model of lung carcinoma [22] and RA-190 in multiple myeloma [5] . EF24 has also been shown to have potent in vivo antitumor activity [23, 24] . The utility of these compounds is limited by low solubility, resulting in the use of Kolliphor EL (formerly Chremophor) for administration and restricting the clinical use of VLX1570 (clinical trial NCT02372240 currently on hold). PEGylation may provide a resolution to this problem (2c [11] ) and a Kolliphor-free formulation of b-AP15 has recently been described [9] .
The distinct mode of cell death induction by this class of compounds (caption on next page) X. Zhang et al. Biochemical Pharmacology 156 (2018) [291] [292] [293] [294] [295] [296] [297] [298] [299] [300] [301] and in particular the ability to overcome mechanisms leading to apoptosis resistance [3, 8] is of interest. A possible explanation for the differences in biological activity between bis-benzylidine piperidones and 20S proteasome inhibitors such as bortezomib is that non-selective DUB inhibition results in acute inhibition of the ubiquitin proteasome system, leading to disruption in critical cell survival pathways and cytotoxicity. An alternative view is that the proteasome is a critical target of these compounds but that the more promiscuous binding activities elevates cytotoxicity and contributes to robust Bcl-2-independent cell death. We here examined the response of HCT116 colon cancer cells to b-AP15. The response was found to be similar, but not identical, to that of bortezomib, a major difference being stronger induction of chaperone expression. Our results suggest that elevated accumulation of misfolded proteins, resulting in mitochondrial damage, contributes to the cytotoxic mechanism of b-AP15.
Materials and methods

Chemicals and antibodies
b-AP15 was obtained from OnTarget Chemistry (Uppsala, Sweden), CpdA [25] from Novartis, NMS-873 from Xcessbio Biosciences, Velcade (bortezomib, Selleck chem), FCCP (Sigma-Aldrich). Antibodies used were anti-TOM22 (Sigma-Aldrich catalogue number T6319, western blot: 1:1000), anti-actin (Sigma-Aldrich catalogue number A5441, western blot 1:5000), anti-tubulin (Sigma-Aldrich catalogue number T4026, western blot: 1:1000), anti-LC3 (Cell Signaling catalogue number 2775, western blot: 1:1000), anti-MT-COX-IV (Cell Signaling catalogue number 4844, western blot: 1:1000), anti-pP97/VCP (Cell Signaling catalogue number 2648, western blot: 1:1000), anti-Ub-K48 (Merck Millipore catalogue number 05-1307, western blot: 1:1000), anti-Hsp70 (Santa Cruz catalogue number sc-660-48, western blot: 1:1000), anti-HMOX (BD Bioscience catalogue number 610713, western blot: 1:1000), anti-Tim23 (BD Bioscience catalogue number 611223, western blot: 1:1000), and anti-MTCOXII2 (Abcam catalogue number 110258, western blot: 1:1000).
Cell culture
HCT116 colon carcinoma cells were maintained in McCoýs 5A modified medium with 10% FBS and 1% penicillin. HeLa cells were cultured in DMEM medium with supplemented with 10% FBS and 1% penicillin. hTERT-RPE1 cells were grown in DMEM:F12 modified medium with 10% FBS and 1% penicillin at 37°C and 5% CO2. Cell lines were purchased from the ATCC, used at low passage numbers and checked for absence of mycoplasma. Drugs were added in DMSO stocks to a final concentration of 0.5% DMSO. The concentrations used in the study (1 μM b-AP15, 100 nM bortezomib) have been verified to induce block the degradation of a proteasome reporter in all cells in IncuCyte experiments and to induce maximal accumulation of polyubiquitin [3, 26, 27 ].
Measurements of oxygen consumption and extracellular acidification
The Seahorse XF analyser was used as recommended by the manufacturer (Seahorse Bioscience, North Billerica, MA, USA). 60,000 cells/per well were plated in 100 µl culture medium in XF24-well cell plates with blank control wells. Before the oxygen consumption measurements, the medium was replaced with 500 μl Seahorse assay media (1 mM pyruvate, 25 mM glucose and 2 mM glutamine) at 37°C without CO2 for 1 h. Prior to ECAR measurements, medium was replaced with 500 l Seahorse assay media (1 mM pyruvate, 2 mM glutamine and glucose (25 mM)).
TMRE assay
HCT116 and HeLa cells were plated at 150,000 cells/mL and left to attach for 24 h. Cells were then treated with 1 μM bAP15, 10 μM FCCP or vehicle (DMSO) for 3 or 6 h. Following treatment, cells were stained using 1 μM TMRE at 37°C for 15 min, collected and washed in PBS. TMRE signal was measured using Novocyte Flow Cytometer (ACEA Biosciences) PE 561 nm laser. Percentage of non-stained (depolarised) cells was quantified using NovoExpress.
Isolation of mitochondria
Mitochondria were isolated using cell mitochondria isolation kit (Sigma Aldrich catalogue number MITOISO2). Of different protocols tested, this method was found to result in the lowest tubulin levels. Generally, ∼90% confluent cells in 20 cm dishes were collected by trypsinization and centrifuged for 5 min at 600×g. Cell pellets were then resuspended in ice cold PBS and centrifuged again for 5 min at 600×g at 2-8°C and the supernatant discarded. This wash step was repeated and 0.5 mL 1× volume extraction buffer with cell lysis solution (1:200 v/v) was added to resuspend the cell pellet to a uniform suspension. Following incubation on ice for 5 min, 2 × 1 mL volume extraction buffer was added and the homogenate was centrifuged at 600×g for 10 min at 4°C. The supernatant was carefully transferred to a fresh tube followed by centrifugation at 11,000×g for 10 min at 4°C. Pellets were resuspended in ice cold PBS and centrifuged again for 5 min at 11,000×g. The pellet was suspended in CelLytic M Cell Lysis Reagent with Protease Inhibitor Cocktail (1:100 [v/v]). For digestion with trypsin, isolated mitochondria pellets were resuspended with trypsin (0.05%, #25300054, ThermoFisher) and kept on a rotator at a slow speed at 2-8°C for 30 min. Mitochondria were collected by centrifugation at 11,000×g for 10 min at 4°C, washed in cold PBS and centrifuged again at 11,000×g for 10 min at 4°C. Pellets were then suspended in CelLytic M Cell Lysis Reagent with Protease Inhibitor Cocktail (1:100 [v/v]).
For in vitro reconstitution experiments, mitochondria were isolated from untreated cells and suspended in cytosol extracts from b-AP15-treated cells and kept on a rotator at a slow speed at 2-8°C for 5 h. The mitochondrial solution was then centrifuged at 11,000×g for 10 min at 4°C. Mitochondrial pellets were resuspended in cold PBS and Fig. 1 . The cellular response to the DUB inhibitor b-AP15 is similar to that of bortezomib and involves induction of proteotoxic stress. (A) Structures of compounds discussed in the text. (B) Transcriptional profiles of drug-treated cells: the levels of mRNA transcripts from 84 genes reported to respond to stress were quantified by real-time quantitative polymerase chain reaction (gene set described in [26] ). HCT116 cells were exposed to 1 μM b-AP15 or 100 nM bortezomib for 6 h, RNA was extracted, and mRNA levels were determined after reverse transcription. HMOX: hemeoxygenase, DNAJB1: Hsp40. (C) Hsp70A6 and HspA1 mRNA transcripts in HCT116 cells exposed to b-AP15 (1 μM) or bortezomib (100 nM) for 6 h was determined by quantitative PCR and shown as fold-change (log 10 scale) (average ± S.D., p < 0.05 by Students' t-test; n = 3). (D) Correlation in the alterations of protein expression induced by b-AP15 and bortezomib in HCT116 cells (vehicle versus drug; 1 μM b-AP15, 100 nM bortezomib). Cells were processed for shotgun proteomics after 6 h of treatment. NFE2L1 is also referred to as Nrf1. (E) Increases in chaperone expression levels after exposure to 1 μM b-AP15 or 100 nM bortezomib expressed as increases versus vehicle-treated control. Whole cells extracts were analysed by shotgun proteomics. (F) HCT116 cells were exposed to 0.5% DMSO, b-AP15 (0.5, 1.0 and 2.5 μM in 0.5% DMSO), bortezomib (50, 100 and 200 nM in 0.5% DMSO) for 6 h and extracts were prepared and subjected to immunoblotting using the indicated antibodies. The relative expression levels of Ub-K48 were shown in the graph (mean ± S.D., * p < 0.05; ** p < 0.01; *** p < 0.001; Students' t-test; n = 3). (G) HCT116 cells were treated with DMSO or 1 μM b-AP15 for 5 h and ubiquitinated proteins from cytosolic fractions were enriched using the TUBE method (tandem ubiquitin-binding entities [51] ) and subjected to immunoblot analysis using the indicated antibodies (left). The ratio of Hsp70/Ub-K48 was quantified from blots (mean ± S.D; p < 0.05, Student's t-test; n = 3) (right). 
Immunofluorescence
HeLa cells were seeded onto coverslips at a density of 200,000 cells/ well plate is 6 well plates and incubated for 24 h. Cells were treated with DMSO (0.5%), 0.5 μM b-AP15, 1 μM b-AP15 or 10 μM FCCP. Cells after treatment were washed 3× with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. Cells were then washed twice with PBS and permeabilized/blocked with 2% milk containing 0.25% Triton X100 in PBS for 1 h. Coverslips were incubated overnight with a 1:200 dilution of indicated antibody in 2% milk. Coverslips were washed in PBST for 3 times 10 min. Coverslips were incubated with secondary conjugate antibody (Dylight 488, Dylight 549) 1:250 dilution in 2% milk for 1 h at room temperature. Coverslips were washed 4× 10 min in PBST. Cells were mounted using Invitrogen Diamond antifade mounting media containing DAPI and allowed to cure for 24 h at room temperature in dark.
Electron microscopy
Cells were treated with b-AP15 for 12 h and fixed with 2.5% glutaraldehyde. Cells were post-fixed in 1% osmium tetraoxid, dehydrated and embedded in epoky resin. Ultra thin sections were prepared for analysis in a transmission electron microscope. Immunoelectron microscopy was performed as described [28] .
TUBE polyubiquitin purification
Polyubiquitinated proteins were isolated using TUBE2 purification kit (Biosensors) according to manufacturers' protocol. Samples were loaded onto SDS-PAGE gels and proteins were detected by immunoblotting using specific antibodies.
Proteomics
After treatment with a drug, cells were collected, washed twice with PBS and then lysed using 8 M urea, 1% SDS, 50 mM Tris at pH 8.5 with protease inhibitors. The cell lysates were subjected to 1 min sonication on ice using Branson probe sonicator and 3 s on/off pulses with a 30% amplitude. Protein concentration was then measured for each sample using a BCA Protein Assay Kit (Thermo). 50 µg of each sample was reduced with DTT (final concentration 10 mM) for 1 h at room temperature. Afterwards, iodoacetamide was added to a final concentration of 50 mM. The samples were incubated in room temperature for 1 h in the dark, with the reaction being stopped by addition of 10 mM DTT. After precipitation of proteins using methanol/chloroform, the semi-dry protein pellet was dissolved in 25 µL of 8 M urea in 20 mM EPPS (pH 8.5) and was then diluted with EPPS buffer to reduce the urea concentration to 4 M. Lysyl Endopeptidase (Wako) was added at a 1:100 w/ w ratio to protein and incubated at room temperature overnight. After diluting urea to 1 M, trypsin (Promega) was added at the ratio of 1:100 w/w and the samples were incubated for 6 h at room temperature. TMT10 reagents were added 4x by weight to each sample, followed by incubation for 2 h at room temperature. The reaction was quenched by addition of 0.5% hydroxylamine. Samples were combined, acidified by TFA, cleaned using Sep-Pak (Waters) and dried using a DNA 120 SpeedVac™ concentrator (Thermo). Samples were then resuspended in 0.1% TFA and separated into 8 fractions using High pH Reversed-Phase Peptide Fractionation Kit (Thermo). After resuspension in 0.1% FA (Fluka), each fraction was analyzed with a 140 min gradient in random order. Samples in were loaded with buffer A (0.1% formic acid in water) onto a 50 cm EASY-Spray column (75 µm internal diameter, packed with PepMap C18, 2 µm beads, 100 Å pore size) connected to a nanoflow liquid chromatograph Dionex UltiMate 3000 (Thermo) and eluted with a buffer B (98% ACN, 0.1% FA, 2% H2O) gradient from 2% to 35% of at a flow rate of 250 nL/min. Mass spectra were acquired with an Orbitrap Elite mass spectrometer (Thermo) in the data-dependent mode at a nominal resolution of 30,000, in the m/z range from 375 to 1200. Peptide fragmentation was performed via higher-energy collision dissociation (HCD) with energy set at 35 NCE.
The raw data from LC-MS were analyzed by MaxQuant, version 1.5.6.5 [29] . The Andromeda search engine [30] searched MS/MS data against the International Protein Index (human, version UP000005640_9606, 92,957 entries). Cysteine carbamidomethylation was used as a fixed modification, while methionine oxidation was selected as a variable modification. Trypsin/P and LysC/P were selected as enzyme specificity. No more than two missed cleavages were allowed. A 1% false discovery rate was used as a filter at both protein and peptide levels. For all other parameters, the default settings were used. After removing all the contaminants, only proteins with at least two peptides were included in the final dataset. Protein abundances were normalized by the total protein abundance in each sample.
Transcriptional profiling
The transcripts for 84 genes that have been reported to respond to stress were analysed by PCR arrays from SA Biosciences (Qiagen). The identity of these genes has been described and conditions for cDNA synthesis and PCR were as previously described [26] .
Lysotracker staining
Cells were washed in PBS, trypsinised and collected. Collected cells were resuspended and stained using 50 nM Lysotracker Green DND-26 (L7526, Thermo Fisher Scientific) in PBS for 30 min. Cells were then analysed for Lyostracker signal using NovoCyte Flow Cytometer (ACEA Biosciences) BL1 530/30 nm laser. Data was analysed using NovoExpress Software (ACEA Biosciences) and GraphPad Prism 7.0 for Mac, GraphPad Software, La Jolla California USA, www.graphpad.com.
Results
The cellular response to the DUB inhibitor b-AP15 is similar to that of bortezomib and involves induction of proteotoxic stress
The bis-benzylidine piperidone b-AP15 (NSC687852, Fig. 1A ) has been demonstrated to inhibit proteasome DUB activity and to induce Bax/Bak independent apoptosis of HCT116 colon cancer cells [3, 26] . HCT116 is (together with the colon cancer cell line HT29) the most b-AP15-sensitive cell line in the NCI 60 cell line panel. HCT116 cells were exposed to b-AP15 at an IC 50 concentration (1 μM, see [31] ) that induces polyubiquitinated proteins in these cells [3, 26, 27 ] (see Fig. 1F ) and the responses were compared to those induced by the 20S proteasome inhibitor bortezomib (Fig. 1B-E) . Both drugs induced a similar pattern of expression of a panel of 84 genes reported to be affected by stress [26] (Fig. 1B) . The strongest increase was observed for HSPA6, encoding the Hsp70B' chaperone, considered to be the final proteotoxic buffer in human cells [32] . b-AP15 induced relatively larger increases (in the order of 5-fold) of HSPA6 mRNA expression compared to the 20S proteasome inhibitor bortezomib (Fig. 1C) , consistent with previous findings [26] . We also examined the cellular response to the two drugs using shotgun proteomics. The pattern of overall alterations in protein expression was very similar when compared to that of bortezomib (Fig. 1D) . Proteome analysis showed increased levels of a number of chaperone proteins in cells following exposure to b-AP15 (Fig. 1E) , consistent with previous findings on b-AP15 and related compounds [9, 19, 26, 33] . The strong induction of chaperone expression by b-AP15 suggested a strong proteotoxic response. We indeed found a stronger accumulation of polyubiquitinated proteins in b-AP15-exposed cells compared to bortezomib using different drug concentrations (Fig. 1F) . Chaperones are known to interact with protein aggregates and to limit their toxicity [34] . In order to examine the extent of chaperone association, we purified polyubiquitinated proteins from control and b-AP15-exposed cells. A reduction in the levels of Hsp70 proteins associated with polyubiquitin was found in b-AP15-treated cells (Fig. 1G) , indicating saturation of the Hsp70 molecular shielding capacity in b-AP15 treated cells.
b-AP15 induces association of polyubiquinated proteins with mitochondria
We hypothesized that elevated levels of polyubiquitinated and unshielded misfolded proteins could explain the robust mode of cell death associated with b-AP15. The intracellular distribution of polyubiquitinated proteins in b-AP15-treated cells was examined using immunoelectron microscopy. At 6 h after drug addition, polyubiquitinated proteins were found to be associated with organelle structures, including mitochondria ( Fig. 2A) . Association of misfolded proteins with membranes is not unexpected since exposed hydrophobic patches on misfolded protein oligomers interact with lipids [35] . To further examine the possible association of polyubiquitinated proteins with mitochondria we studied co-localization using confocal microscopy. HeLa cells were chosen for this experiment since HCT116 cells have a rounded morphology and are not suitable for this type of analysis. A significant degree of colocalization between K48-linked polyubiquitin and Mitotracker staining was observed in b-AP15-treated cells (Fig. 2B and C) .
To provide further evidence for mitochondrial localization of polyubiquitinated proteins we purified mitochondria from cells exposed to b-AP15 or bortezomib. Increases in K48-linked polyubiquitinated proteins were observed in these preparations already after 1 h of drug exposure (Fig. 2D) . Extraction with 0.4% digitonin resulted in reduction of the mitochondrial outer membrane (MOM) protein mitofusin-1 and a reduction in the levels of polyubiquitinated proteins from mitochondrial preparations (Fig. 2E) . Furthermore, treatment with trypsin effectively reduced the levels of polyubiquitinated proteins present in mitochondrial preparations (Fig. 2F) . Trypsin treatment reduced the molecular weight of the outer membrane protein Tom22 whereas the inner-membrane resident cytochrome c oxidase subunit IV (COXIV) was unaffected (Fig. 2F) .
The fractionation experiments support the notion of an association between misfolded proteasome substrates and mitochondrial outer membranes induced by b-AP15 treatment. Inhibition of Sec61-mediated anterograde protein translocation over the ER membrane has previously been shown to increase the generation of misfolded proteins in the cytosol and to enhance b-AP15 cytotoxicity [6] . We found that cotreatment with b-AP15 and the Sec61 inhibitor CpdA [25] resulted in an increased accumulation of polyubiquitin chains in cells and also in mitochondrial preparations (Fig. 3A) .
To provide further evidence that cytosolic K48-linked polyubiquitin chains can interact with the MOM we performed in vitro experiments where mitochondria from untreated cells were incubated with cytosolic fractions from b-AP15-treated cells. Incubation with extracts indeed resulted in the association of K48-linked polyubiquitin chains with mitochondria (Fig. 3B ). Brief incubation with trypsin was sufficient to remove these chains (Fig. 3B) . We conclude that cytosolic polyubiquitinated proteins resulting from b-AP15 treatment have the potential to interact with the MOM.
A role for VCP/p97 to extract misfolded proteins
The VCP/p97 AAA-ATPase has a central role in the UPS and is known to extract ubiquitinated proteins from membranes or cellular structures [36] . Transfection of HeLa cells with VCP/p97 siRNA resulted in an almost complete ablation of VCP/p97 protein expression (Fig. 4A) . Transfected cells showed increased levels of polyubiquitinated proteins in both mitochondrial and cytosol fractions which was further increased by b-AP15 (Fig. 4A) . We next utilized the small molecule VCP/p97 inhibitor NMS859 [37] . Exposure to NMS859 alone resulted in mild increases of the levels of mitochondria-associated polyubiquitinated proteins (Fig. 4B) . Combining VCP/p97 inhibition with b-AP15 or with b-AP15 and CpdA resulted in strong increases of the deposition of polyubiquitinated proteins in mitochondrial fractions (Fig. 4B) .
Oxidative phosphorylation is perturbed at early stages of b-AP15 exposure
In order to examine mitochondrial function following exposure to b-AP15 we measured cellular oxygen consumption rates (OCR) using a Seahorse XF analyzer. Both basal and uncoupled OCR was determined, the latter reflecting maximal mitochondrial capacity likely to become particularly affected by mitochondrial damage. Significant reductions in both parameters were observed in b-AP15-exposed HCT116 cells at 5 h of exposure. A decreased baseline OCR was observed in bortezomibtreated cells, whereas uncoupled OCR was not affected (Fig. 5A) . We hypothesized that increased levels proteotoxic stress would be associated with a more severe reduction of mitochondrial function. We indeed found that the combination of b-AP15 with NMS859 and CpdA resulted in a significant reduction of uncoupled OCR compared to b-AP15 alone (p < 0.001) (Fig. 5B) . 
b-AP15 does not induce mitophagy
The observation of decreased oxygen consumption prompted us to further examine possible mitochondrial damage following exposure to b-AP15. No decreases in mitochondrial membrane polarization (ΔΨ) were observed after 6 h of b-AP15 treatment (Fig. 6A) . Consistent with a maintained ΔΨ was the finding that b-AP15 treatment did not alter the subcellular localization of a Parkin-YFP fusion protein (Fig. 6B) . Parkin is an E3 ligase known to become associated with depolarized mitochondria and to be involved in the induction of mitophagy [38, 39] . At longer periods of exposure to b-AP15 (12 h), electron microscopy showed the presence of severely deformed mitochondria in b-AP15-treated cells (Fig. 6C) . Staining for the mitochondrial marker Hsp60 showed the presence of mitochondria after prolonged exposure to b-AP15, whereas FCCP treatment resulted in a reduced staining intensity in most cells indicating mitophagy (Fig. 6D) . Consistent with persistence of mitochondrial populations in b-AP15-exposed cells is the maintained levels of the membrane protein Tim23, levels that were found to decrease following exposure to FCCP (Fig. 6E) . These findings suggest that damage to mitochondria occur at late stages of b-AP15 exposures, but that mitophagy is not induced. The lack of clearance of damaged mitochondria did not appear to be due to defects in autophagy, as evidenced by the strong induction of autophagic flux in b-AP15 (Fig. 6F) . We also probed lysosomes using Lysotracker. Whereas Bafilomycin A strongly reduced staining intensity, b-AP15 and FCCP both induced an increase in Lysotracker staining (Fig. 6G ).
Discussion
Similar to 20S proteasome inhibitors such as bortezomib, the bisbenzylidine piperidone b-AP15 blocks proteasome processing in cells and induces the accumulation of polyubiquitinated proteins. The cellular response to b-AP15 is similar to the response to bortezomib, including the induction of chaperone proteins (Fig. 1) . This result supports previous findings suggesting proteasome inhibition as a predominant mechanism of action by this compound [3] . However, the mechanisms of apoptosis induction that are elicited by bis-benzylidine piperidones and the 20S proteasome inhibitor bortezomib differ since apoptosis induced by G5, b-AP15 and VLX1570 is insensitive to overexpression of Bcl-2 [3, 8, 26] . We hypothesized that the atypical mode of apoptosis signaling induced by b-AP15 could be related to the elevated accumulation of polyubiquitinated proteins compared to bortezomib. Recent studies have shown that bis-benzylidine piperidones induce wide-spread effects on the ubiquitin-proteasome system [11] , which may explain the strong proteotoxicity. Soluble polyubiquitinated proteins accumulating in b-AP15-treated cells showed a decreased degree of association to Hsp70 proteins. Our findings raise the possibility that insufficiently shielded hydrophobic patches interact with cellular membranes. Analysis using immunoelectron microscopy and confocal microscopy indeed pointed to an association of polyubiquitinated proteins with mitochondria. Fractionation experiments also suggested association of polyubiquitinated proteins with mitochondria in b-AP15-treated cells. Polyubiquitinated proteins were also observed on mitochondria from bortezomib treated cells, but at lower levels. The fractionation method used resulted in low levels of contamination by tubulin. The ER marker calnexin was, however, detected in the mitochondrial fraction, complicating the interpretation of the fractionation experiments. Digitonin treatment, known to solubilize the MOM, was found to remove a substantial amount of polyubiquitin from the mitochondrial preparations and trypsin totally removed polyubiquitin. The fractionation experiments support the notion of mitochondrial association of polyubiquitin with the MOM, but it is likely that at least some of the K48-linked polyubiquitinated proteins found in the mitochondrial fraction are associated with other membrane structures such as the ER. The fraction results are, however, supported by our immuno-EM and confocal microscopy studies and provide a reasonable mechanism for the strong effects on mitochondrial function that is observed in the present study.
Decreases in uncoupled mitochondrial oxidative phosphorylation were observed within a six hours of treatment with b-AP15. At this time point, apoptotic processes have not been initiated in HCT116 cells [26] . We found that increasing the proteotoxic stress levels by inhibition of Sec61-mediated protein translocation over the ER (using CpdA [6] ) in combination with inhibition of the VCP/p97 ATPase resulted in further decreases in cellular oxygen consumption. These decreases occurred in parallel with increased deposition of polyubiquitinated proteins in mitochondrial preparations. The mechanism leading to impaired mitochondrial function is unclear but we find it reasonable to hypothesize that insertion of foreign, and misfolded, proteins to the MOM will be harmful. At later time points of drug treatment, mitochondrial morphology was found to be affected. These changes are difficult to distinguish from processes associated with apoptosis, but it is interesting to note that damaged mitochondria are not cleared by mitophagy. The process of mitophagy involves the relocation of the E3 ligase Parkin to mitochondria to generates K63-linked polyubiquitin chains on the MOM [38, 39] . We found that b-AP15 treatment did not alter Parkin subcellular localization as expected from the finding of no alterations in ΔΨ at early phases of drug treatment, but which occur at later stages after induction of apoptotic processes [15] . A variety of natural products contain α,β-unsaturated carbonyls that can act as Michael acceptors. The most well studied of these compounds is curcumin [40] , studied in > 4000 manuscripts for its anti-cancer activity [41] . Interestingly, curcumin analogues have been reported to inhibit proteasome DUB activity [42] . Piperlongumine is a natural product reported to be selectively cytotoxic to cancer cells [43, 44] . The cytotoxicity of piperlongumine was initially described to be due to its ability to increase reactive oxygen species (ROS) levels in cancer cell lines [44] , but later studies implicated electrophilicity and protein reactivity as being correlated with biological activity [43] . We and others have demonstrated that piperlongumine inhibits proteasome activity in cells [45, 46] . Another natural product, gambogic acid, has been found to induce cancer cell apoptosis by a mechanism dependent on the α,β-unsaturated carbonyls [47] . Gambogic acid has also been reported to inhibit proteasome activity [48, 49] . These reports raise the possibility that proteasome inhibition is a common denominator not only for various bis-benzylidine piperidones but for a larger group of compounds containing α,β-unsaturated carbonyls. Consistent with this view is the finding that a screen for compounds that induce the expression of a Heat Shock Factor 1-driven reporter identified natural products containing α,β-unsaturated carbonyls [50] .
The unusual mode of cell death induction by bis-benzylidine piperidones, characterized by insensitivity to overexpression of Bcl-2 family proteins [2, 3, 7, 8] is interesting from a therapeutic perspective but has remained unexplained. Based on the findings in this study, we propose that mitochondrial damage caused by unshielded misfolded proteins may at least partly explain this phenomenon. Provided that further development will improve the pharmacological properties of benzylidine piperidones, these compounds are interesting candidates for human tumors characterized by apoptosis resistance.
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